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The exclusive reaction γp → K+π−Σ+ was measured for the first time using linearly polarized
photons at beam energies from 1.85 to 2.96 GeV. Angular distributions in the rest frame of the
K+π− system were fitted to extract spin-density matrix elements of the K∗0 decay. The measured
parity spin asymmetry shows that natural parity exchange is dominant in this reaction. This result
clearly indicates the need for t-channel exchange of the κ(800) scalar meson.

PACS numbers: 13.60.Rj, 13.88.+e, 24.70.+s, 25.20.Lj

It is well known in the quark model of hadrons that
mesons are found in groups of 8+1 (an octet plus a sin-
glet). In the simplest quark model [1], the lightest me-
son octet has 3 mesons with no strange quark, 4 mesons
containing either a strange quark (s) or a strange an-
tiquark (s̄), and one meson with a dominant ss̄ con-
tent. The ground-state pseudoscalar meson octet is well-
established, and consists of three pions, four kaons, and
an eta-meson. However, for the higher-mass mesons, the
assignments are not clear. For example, the Particle Data
Group (PDG) [2] states that identification of the scalar
mesons is ”a long-standing puzzle”. In particular, the
κ-meson (presumed to be part of the lowest-mass scalar
meson octet) with a resonance pole at about 800 MeV
is seen in many phenomenological analyses [3–9], yet its
existence is still controversial.

The quantum numbers of the κ-meson are JP = 0+

and I = 1/2. The κ is considered to be the scalar part-
ner to the kaon in an analogous way as the σ-meson (also
called the f0(600)) is the scalar partner to the η-meson.
The problem with establishing the existence of the σ or

κ mesons is, in part, that their resonance widths are very
broad (about 400 MeV or even higher). Hence they are
difficult to see in partial wave analyses of meson scat-
tering data. In the case of D-meson decay [4], the de-
cay amplitude of D+

→ K−π+π+ requires an additional
Kπ resonance with the quantum numbers of the κ to
get agreement with the data; including the κ improves
the χ2 of the theoretical fit to the data by a factor of
4. Very recently, stronger evidence has been found from
fits to Dalitz plots of Kππ final states in D-meson decay
[9]. However, because the κ in those analyses is a back-
ground, without a clear mass peak, additional evidence
is desired before the κ meson can be firmly established.

As mentioned above, the light scalar mesons are diffi-
cult to accommodate. The assignments for JPC = 0++

are filled by the higher-mass a0(1450) and f0(1370) plus
f0(1710) mesons, along with the K∗(1430). In contrast,
the light scalar mesons, consisting of the a0(980) and
f0(980) plus the σ are thought to be meson-meson [10, 11]
or 4-quark states [12, 13], and so are not included in the
classical quark model picture. The a0(980) and f0(980)
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are firmly established, but their interpretation as exotic
4-quark states is still in question. More information on
the structure of these scalar mesons is desired [14].
The σ meson has a width almost equal to its mass, and

certainly cannot be described as a typical Breit-Wigner
resonance. The κ is thought to be similar, with a pole
mass of about 800 MeV and a width about half as large
(∼ 400 MeV). Definitive evidence for the σ or κ mesons
would provide a significant advance in the understanding
of possible multi-quark states.
Here, we report on the linear polarization observables

for K∗ photoproduction measured using a proton tar-
get. These observables, the spin-density matrix ele-
ments, have been shown to be sensitive to κ-meson ex-
change. The one theoretical model [15] currently avail-
able predicts sizable forward-angle polarization effects in
the energy range accessible at the SPring-8/LEPS facil-
ity. In particular, Ref. [15] predicts that the κ(800) con-
tributes to K∗ photoproduction through t-channel ex-
change, which dominates at forward scattering angles.
Also, the contribution of the κ(800) for K∗0Σ+ photo-
production is predicted to be relatively larger than that
for K∗+Λ photoproduction [16]. The theoretical model
[15] fits the CLAS data [17] and the CBELSA/TAPS
data [18] fairly well but both data lack good statistics
at forward angles. No polarization measurement for this
reaction has been previously reported in the literature.
In general, K∗ photoproduction is different from other

neutral vector mesons in that Pomeron exchange is ab-
sent in the photoproduction of strange mesons. Hence
the reaction mechanism for K∗0 photoproduction is dif-
ferent from the case of the neutral nonstrange mesons
(ρ0, ω and φ) where the t-channel has a strong contri-
bution from Pomeron exchange. At low energies, meson
exchange also contributes to the t-channel ρ and ω pho-
toproduction, but Pomeron exchange quickly becomes
dominant as the photon energy increases.
For K∗0 photoproduction, the ambiguities in the the-

oretical models at forward angles are rather limited. A
single diagram dominates the t-channel, where a K0 is
exchanged and absorbs the photon through the M1 mul-
tipolarity. The hadronic coupling of the K0 to the pro-
ton, gKNΣ, is already constrained from kaon scattering
data [19]. Exchange of a K∗0 in the t-channel is sup-
pressed, since only higher (non-spin-flip) multipolarities
can contribute to this diagram [15]. Also, the contact
term is proportional to the vector meson charge, and van-
ishes for the neutral K∗0 production. However, a scalar
meson can contribute to the t-channel for K∗0 photo-
production, whereas it is forbidden by parity and angu-
lar momentum for kaon photoproduction. By comparing
the data measured here with two theoretical models, one
with minimal κ-exchange and the other with substantial
κ-exchange, we can test for the existence of the κ(800).
The parity spin asymmetry [15], given in terms of the

spin density matrix elements by Pσ = 2ρ11−1 − ρ100, is

shown in Ref. [15] to be particularly sensitive to the
role of κ-exchange, especially at forward angles. In the
case of scalar κ exchange, the parity spin asymmetry is
positive, whereas calculations without the κ (with pseu-
doscalar kaon exchange only) have negative parity spin
asymmetry. The present data provide the first-ever re-
ported parity spin asymmetry for K∗0 photoproduction.
The experiment was carried out using the LEPS detec-

tor at the SPring-8 facility in Japan. The photon beam
was produced by the laser backscattering technique [20]
using a 275 nm laser, with wavelengths in the deep-UV re-
gion, to produce Compton-scattered photons in the range
of 1.5 to 2.96 GeV. The laser light was linearly polar-
ized with an average polarization of 98 %. The polar-
ization is conserved at the Compton edge, and decreases
in a calculable way as the photon energy decreases. The
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FIG. 1: (a) Scatter plot of the missing mass of the K+π− sys-
tem versus the invariant mass of the K+π− system; (b) and
(c) are the projected spectra for the invariant mass and miss-
ing mass distributions, respectively; (d) missing mass of the
K+ (with a π− detected), and the lower dashed histogram
indicates the final even selection within 3σ of the Σ+ peak
and the K∗0 peak; (e) missing mass distribution with solid
arrows around the signal region (K∗0 peak) and dashed ar-
rows showing the outside of the side-band regions; (f) same
as (b), but with a cut on the Σ+ peak after the side-band
background subtraction, and the overlaid dashed line shows
the estimated Y ∗ background.



3

photon beam was incident on a 15 cm liquid hydrogen
target, where K+ and π− particles were produced and
then passed through the LEPS spectrometer [20]. For
this experiment, no Cherenkov detector was used so that
π− with higher momentum could be detected. Instead,
a narrow scintillator bar was placed downstream of the
tracking chambers, in the bend plane of the spectrome-
ter, to remove e+e− pairs from the trigger. Otherwise,
the standard configuration of the LEPS detector [20] was
used.

To identify candidate events, a K+ track and a π−

track were required using standard particle identification
methods [20]. The vertex of the K+ and π− tracks were
required to be in the region of the LH2 target. Very
rarely, the K+ track could be a mis-identified π+, and
these few events were removed if the missing mass of the
two tracks, both given the pion mass, had the mass of
the proton.

Mass spectra, calculated from the measured 4-vectors
of detected K+ and π−, are shown in Fig. 1: (a) shows
a two-dimensional plot of a missing mass of the K+π−

system (MM(K+π−)), calculated using the tagged pho-
ton energy (measured from the recoil electron energy)
and the target proton mass, versus an invariant-mass of
the K+π− system (M(K+π−)). The dashed lines repre-
sent a 3σ window for K∗0Σ+ production, where σ is the
measured resolution of the peak.

Peaks for the K∗0 and Σ+ are clearly seen in the pro-
jected spectra for invariant-mass (Fig. 1b) and miss-
ing mass (Fig. 1c). There is background under these
peaks, which is primarily from 3-body production mech-
anisms, with a small amount of Y ∗ production such as the
Λ(1520). Evidence for the Y ∗ background can be seen in
the missing mass of the K+ (Fig. 1d) for the same events
as upper plots. However, very little Y ∗ background re-
mains after selecting a region around the K∗0 peak and
Σ+ peak (shown by the lower histogram in Fig. 1d).
When selection on the K∗0 peak is applied (horizontal
dashed lines in Fig. 1a), a clear Σ+ peak is seen in the

TABLE I: Measured spin-density matrix elements by an un-
binned extended maximum likelihood fit with event selection
at very forward angle in the GJ frame and helicity frame, re-
spectively, averaged over photon energies from 1.85 to 2.96
GeV.

ρ̂s GJ frame helicity frame

ρ000 0.155 ± 0.051 0.082 ± 0.025
ρ010 0.108 ± 0.068 −0.023 ± 0.021
ρ01−1 0.090 ± 0.191 0.037 ± 0.040
ρ111 0.031 ± 0.052 −0.016 ± 0.049
ρ100 −0.140 ± 0.074 −0.049 ± 0.044
ρ110 −0.088 ± 0.039 0.000 ± 0.034
ρ11−1 0.322 ± 0.068 0.355 ± 0.057
ρ210 0.127 ± 0.051 −0.038 ± 0.035
ρ21−1 −0.357 ± 0.063 −0.395 ± 0.051

MM(K+π−) (see Fig. 1e). A smooth background lies
below the Σ+ peak, shown by the dashed line. A sub-
traction was performed to remove background from the
M(K+π−) spectrum, using events in the side-band re-
gions (from dashed arrow to solid arrow in both sides of
the Σ+ peak as shown in Fig. 1e). The plot in the Fig.
1f shows the M(K+π−) spectrum after selection on the
Σ+ peak plus side-band subtraction. The overlaid red
dashed line shows the estimated Y ∗ background, with
only a small background remaining under the K∗0 peak.
For the final event selection, we place 3σ cuts around
both the Σ+ peak and the K∗0 peak.

The decay angular distribution can be expressed in
terms of nine spin-density matrix elements and linear po-
larization of the photon beam energy [21]. We extracted
the spin-density matrix elements using an unbinned ex-
tended maximum likelihood fit (see [22] for details) in the
Gottfried-Jackson (GJ) frame and helicity frame and the
beam energy region from 1.85 (threshold for K∗Σ pro-
duction) to 2.96 GeV. The K∗ production angle cos θK∗

ranges from 0.6 to 1.0 and its average value is 0.9115. The
measured spin-density matrix elements are listed in Table
I. In the case of helicity conservation, the decay asym-
metry ρ11−1 reflects the relative contributions of natural
parity (ρ11−1 = −0.5) and unnatural parity (ρ11−1 = 0.5)
processes.

Figs. 2 and 3 show decay angular distributions for a
sum of horizontal and vertical beam polarizations with
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FIG. 2: Decay angular distributions of cos θK+ , φK+ , (φ −

Φ)K+ , and ΦK+ in the GJ frame for the sum of vertical po-
larization and horizontal polarization after acceptance correc-
tion. The dotted line shows Monte-Carlo data using the mea-
sured spin-density matrix elements, while the overlaid black
histogram indicates the Y ∗ background yield from a Monte-
Carlo simulation.
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FIG. 3: Decay angular distributions in the helicity frame.
Notations are the same as in Fig. 2.

only a single variable, cos θK+ , φK+ , (φ−Φ)K+ and ΦK+ ,
in the GJ frame and helicity frame [23]. The data have
been corrected for detector acceptance by a Monte Carlo
simulation, using the GEANT3 software [24, 25]. The
event generators used the measured spin-density matrix
elements, and it was checked that output of the simula-
tions (when run through the extended maximum likeli-
hood fit) reproduced the input. The dotted lines indi-
cate Monte Carlo distributions with the measured spin-
density matrix elements in the GJ frame and helicity
frame. Black histograms indicate the estimated Y ∗ back-
ground in the reconstructed Monte Carlo distribution. In
the helicity frame, the cos θK+ distribution is enhanced
at forward angles due to the Y ∗ production. However,
the Y ∗ background there is actually small; the apparent
enhancement near cos θK+ ≃ 1 is because the spectra are
corrected for the K∗0 acceptance, which is very small in
that angular region. The few counts of Y ∗ background
there has little effect on the extraction of the spin-density
matrix elements, which is heavily weighted by events with
cos θK+ < 0.5. (Angular distributions will be published
in a later paper.)

The parity spin asymmetry (Pσ = 2ρ11−1 − ρ100) is
estimated to be 0.784 ± 0.154 in the GJ frame and
0.758±0.123 in the helicity frame over the angular range
shown by the horizontal error bar in Fig. 4. The good
agreement between the parity spin asymmetry extracted
in both frames is expected; the variation of these two re-
sults is a good indication of the systematic uncertainty,
as the Y ∗ background has a different distribution in the
two frames. Other systematic uncertainties, such as the
beam polarization, are much smaller than the quoted un-
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FIG. 4: Parity spin asymmetry (Pσ = 2ρ11−1 − ρ100) in the he-
licity frame. The data point is averaged over photon energies
from 1.85 to 2.96 GeV. The solid (dashed) line is the result
of Model I (Model II) of Ref. [15] at Eγ = 2.5 GeV. Model I
has almost no contribution from κ-exchange, whereas Model
II includes substantial κ-exchange.

certainties. The large positive asymmetry shows that the
natural parity exchange is the dominant process at for-
ward angles. The dashed (solid) line in Fig. 4 is the
result with Model I (Model II) of Ref. [15] at Eγ = 2.5
GeV. The data clearly favors Model II, which includes a
substantial contribution from natural-parity κ-exchange.
The mass and width of the κ-meson are parameters of
the theoretical model, and are not directly measured by
the present data.

In summary, the photoproduction of the γp → K∗0Σ+

reaction was measured at the LEPS detector at forward
production angles and energies from 1.85 to 2.96 GeV,
using a linearly polarized photon beam at SPring-8. The
parity spin asymmetry measurement is a good probe to
study the effect of κ meson exchange in K∗0Σ+ pro-
duction. We present spin-density matrix elements using
an unbinned extended maximum likelihood fit in the GJ
frame and the helicity frame. The parity spin asymmetry
(Pσ = 2ρ11−1 − ρ100) has a large positive value, showing
that natural-parity exchange is dominant at forward an-
gles for K∗0Σ+ photoproduction. A natural explanation
for the natural-parity exchange would be t-channel ex-
change of a scalar meson with strangeness, which is con-
sistent with the κ meson. The existence of this meson
would be a good candicate to complete the lowest-mass
scalar meson octet.
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